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Table A-II. Volume decrease during discharge for various electrolyte 
compositions (no membrane separator present) 
pz a pl b 
Xk a XZn ~ kg" 1-1 XKOR kg- 1-1 V2/V1 VJV1 
0.0818 0.0055 1.1076 0.1201 1.1060 1.0015 0.0009 
0.1500 0.0183 1.2258 0.2253 1.2065 0.9941 0.0031 
0.2130 0.0361 1.3616 0.3275 1.3099 0.9812 0.0068 
0.2190 0.0371 1.3637 0.3369 1.3198 0.9876 0.0070 
0.2890 0.0634 1.5356 0.4576 1.4532 0.9799 0.0134 
0.2480 c 0.0495 c 1.4720 c 0.3875 1.3743 0.9592 0.0098 
0.2900 c 0.0679 ~ 1.5890 c 0.4622 1.4586 0.9528 0.0144 
0.2960 r 0.0781 r 1.6530 c 0.4784 1.4773 0.9331 0.0169 
a Data from (13), 25~ 
b Compiled from (12), 20~ 
c Data from (14), 18~176 
For example, in the presence of a weak cationic membrane 
separator, the transport numbers of K § and OH- can be set 
equal (1). Assuming that along with one K § four water mol- 
ecules are transported from the zinc electrode towards the 
nickel electrode compartment,  the volurrm of the electro- 
lyte in the zinc electrode compartment  decreases signifi- 
cantly, as can be seen from Table A-I. If  the membrane 
separator is omitted and only a quarter of the current is 
carried by K § a smaller decrease of the volume is observed 
(Table A-II). 
In the actual battery system, the electrolyte in the zinc 
electrode compar tment  will not be completely depleted in 
zincate at the beginning of discharge. However, the elec- 
trolyte at the end of discharge will not be saturated but will 
be supersaturated with zincate. Furthermore,  the proper- 
ties of chemically and electrochemically formed zincate 
solutions are different (18, 19) and during discharge of the 
zinc electrode, apart from soluble zinc species, ZnO or re- 
lated solid zinc compounds are formed. Therefore, the re- 
sults in Table A-I and A-II must  be taken in a qualitative 
sense: and it seems that in actual battery systems the vol- 
ume of the electrolyte in the zinc electrode compartment  
decreases more than would be expected from the results in 
Table A-I and A-II. 
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A Mathematical Model of a Sealed Nickel-Cadmium Battery 
Deyuan Fan* and Ralph E. White** 
Department of Chemic'al Engineering, Texas A&M University, College Station, Texas 77843-3122 
ABSTRACT 
A mathematical  model  for the charge and discharge of a sealed nickel-cadmium (Ni-Cd) battery is presented. The 
model  is used to study the effect of transport properties of the electrolyte and kinetic parameters of the electrode reactions 
on the cell performance during the charge and discharge period. The model can also be used to demonstrate the changes 
of cell performance during cycling. Some comparisons between model predictions and experimental  results indicate that 
the model  predictions appear to fit the experimental  data well. Sensitivity analyses illustrate that the sealed nickel-cad- 
mium battery operates under activation control. It is also shown theoretically that oxygen generated on the positive elec- 
trode during charge is reduced electrochemically on the negative electrode. 
It is well known that the performance of a nickel-cad- 
mium battery is based on the complex chemical and elec- 
trochemical phenomena (1-4) involved in the battery. 
These complex phenomena can be understood better 
through mathematical  modeling of the battery. Similar 
work has been done for other battery systems such as the 
model  for the nickel-zinc battery by Choi and Yao (5) and 
the model  for the lead-acid battery by Gu et al. (6), both for 
flooded/vent conditions. In October 1989, Bouet and Rich- 
ard (7) presented their discharge performance model for 
the nickel hydroxide electrode at the 176th Meeting of The 
Electrochemical  Society. However, their model includes 
* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 
only the nickel positive electrode and does not include 
sealed cell conditions and the oxygen reaction. Recently, 
Nguyen et al. (8) proposed a mathematical  model for the 
lead-acid battery under sealed conditions during dis- 
charge, but  a model for predicting the cell performance 
under sealed conditions during charge has not been pre- 
sented. To assist researchers and designers in the investi- 
gation and development  of sealed nickel-cadmium bat- 
teries, a detailed mathematical  model of a sealed, starved 
separator nickel-cadmium cell is presented here that can 
be used to predict the performance of a cell not only dur- 
ing discharge, but also during charge, rest, and cycling. A 
description of the model  equations, qualitative compari- 
sons between the model  predictions and experimental  re- 
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Region 2 Region a 061 1 (MNi(OH)2 MN~OOH) 
Separator Negative electrode at F \ ~  PNiOOH/JNi [2] 
i2 = 0 [3] 
0+2 
- o [ 4 ]  
O= 
+1 = 0 [5] 
0Co 2 
- 0 [6] 
ax 
[ I I I 
9 =0 z=g, z=~ + l 2 x=l 
x=o x % / t  x=(s + z,)/z x : l  
Fig. 1. A schematic of a hermetically sealed, starved separator, sin- 
ter plate nickel-cadmium cell (cross-sectional view). 
sults, and  sensi t iv i ty  analyses  of the mode l  s imula t ions  to 
the mode l  parameters  are p resen ted  below. 
Model Development 
Al though  the detai led m e c h a n i s m s  of the  electrode reac- 
t ions  in  the  n i cke l - cadmium cell are no t  thoroughly  under -  
stood, it is genera l ly  agreed that  the  m a i n  electrode reac- 
t ions  in  the  cell can  be wr i t ten  as (1-4, 9-13) 
Posi t ive  Electrode 
discharge 
2NiOOH + 2H20 + 2e- ~ 2Ni(OH)2 + 2 OH- 
charge [A] 
1 discharge 
- O 2  + H 2 0  + 2e- 
2 charge 
2 OH- [B] 
Negat ive Elect rode 
Cd + 2 OH 
discharge 
charge 
Cd(OH)2 + 2e [C] 
discharge 1 
2 OH- ---> - 02 + H20 + 2e [D] 
charge 2 
A schemat ic  of a sealed n i cke l - cadmium cell is shown in 
Fig. 1. The cell consists  of the  fol lowing regions and  
boundar ies :  (i) the cur ren t  collector of the  posi t ive elec- 
t rode (x = 0); (ii) the  posi t ive or n ickel  electrode (region 1, 
0 < x < ll); (iii) the  interface be tween  the posit ive elec- 
t rode and  the separator  (x = 10; (iv) the  separator  mat r ix  
(region 2, 11 < x < l, + 12); (v) the  interface be tween  the sep- 
arator and  the  negat ive  electrode (x = L~ +/2); (vi) the  nega- 
tive or c a d m i u m  electrode (region 3, It + l 2 < x < /); and  
(vii)  the  cur ren t  collector the  negat ive  electrode (x = l). 
There  are six expl ici t  u n k n o w n s  (dependen t  variables) 
in  the  model ;  (i) base concent ra t ions ,  c; (ii) solid mater ia l  
porosity,  e; (iii) potent ia l  in  the solid phase, +,; (iv) poten-  
tial in  the  l iquid  phase,  +2; (v) superficial  cur rent  dens i ty  in  
the  electrolyte,  i2; and  (vi) oxygen  concentra t ion,  Co2. The 
i n d e p e n d e n t  var iables  are the spatial  coordinate  x and  
t ime t. 
The govern ing  equa t ions  and  the  b o u n d a r y  condi t ions  
for these  six var iables  for the n i cke l - cadmium cell are pre- 
sented  next.  The  concen t ra ted  solut ion theory has been  
used to der ive these  equat ions .  
C e n t e r  o f  the pos i t i ve  e lec trode . - -  
Oc 
- 0 [1] 
Ox 
where,  on  discharge and  at rest  
9 / C ~ 1 (  IEI--EO1 ) ~l 
JNi = amaxtZot,ref  ( - - $  
\ C r e f /  \6max1  - -  6ol / 
e x p [ ~ a J  ] [7a] 
and  on  charge 
JNi = amaxlZol.ref / - - /  
\ C r e f /  \Emax l  - -  6ol / 
[aa ,F ] [ - a r  ] /  exp[-R---~j - e x p  L--R~aj] [7b]  
where  
and  
Tla = +l ,Ni  --  +2  -- UNi/Cd [7c] 
UNi/Cd = UNiOOH/Ni(Ott)2 --  UCd(OH)2/Cd = 1 . 2 9 9 V  [7d] 
Based on  the  cell cons t ruc t ion  in which  the cur ren t  col- 
lector is e m b e d d e d  in  the  center  of a porous  electrode (see 
Fig. 1), Eq. [1] and  [6] are used  to represen t  the  condi t ion  
that  the flux of the  electrolyte (KOH) and the  flux of oxy- 
gen are both  zero. Equa t ion  [2] is the  govern ing  equat ion  
for porosi ty  changes  of  the n ickel  electrode, where  the 
t ransfer  cu r ren t  jNi, def ined as OiJOx, is the  local cur ren t  
per  un i t  vo lume  due  to the  electrode reaction. Equa t ion  [3] 
shows that  at the  center  of the electrode all of the cur ren t  
leaves the  l iquid  phase  (electrolyte) and  enters  the solid 
phase  (current  collector). Consequent ly ,  the  potent ia l  gra- 
d ient  in  the  l iquid  phase is equal  to zero, Eq. [4]. The solid 
phase potent ia l  is arbi t rar i ly set to zero at x = 0, Eq. [5]. 
Equa t ions  [7a] and  [7b] are the kinet ic  express ions  for the 
electrode react ions in the  posit ive electrode. Equat ions  [7c] 
and  [Td] give the  overpotent ia l  express ion  and  the corres- 
pond ing  open-ci rcui t  (equi l ibr ium) potent ia l  for the 
n i cke l - cadmium cell. 
Reg ion  1: pos i t i ve  e l ec t rode . - -Ohm' s  law in  the solut ion 
i2 0+2 R T  a In c 
ex~ - + (1 - t~ [8] 
K% OX F ~X 
Conserva t ion  of charge 
extol a +  1,NiOOH 
i2 - ErNzOOH 61 
OX 
- -  - icen [9] 
Transfer  cur ren t  
ai2 
ox 
- JN, + Jo2 [10] 
Poros i ty  var ia t ion  
ael _ 1  (MNi(OH,2 MN~OOHtjN~ 
Ot F \ pNi(OH)2 PNiOOH / 
[11] 
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Electrolyte material balance 
Ot Ot Ox \ Ox/ 
Oxygen material balance 
__06' 0 (Do26~x I 0Co2~ 1 OCo~ + _ + ~-F Jo~ 
6, o t  - 7 x  / 
where the kinetic expression for oxygen reaction is 
Jo2_ ~ amaxlZ ~ ( ~l _--_%1 )~1 [ r~'aF, 1 \6m , -- %, ,  / e x p [ - f i T n  ~ 
where 
and 
( Co~ ] e x p [ ~ - . ~ j j  [14a] 
\CO2,ref/ 
n ' a  = *l,Ni -- *2 -- UO2/Cd 
Equations [15], [19] and [20] are in accordance with the con- 
t inuity of the flux conditions of the electrolyte, superficial 
current density and oxygen at this interface. Equation [16] 
[12] is the material balance in the solid phase. Equation [17] 
shows that all of the current through the cell is in the solu- 
tion at this interface. Since the current in the solid phase is 
equal to zero, the potential gradient in the solid phase at 
this interface is also equal to zero, as given in Eq. [18]. 
[ 1 3 ]  Region 2: separa tor . - -Ohm's  law in the solution 
i2 0*2 R T  0 In c 
k - - ( 1  - t o ) - -  [21] ex2 K% OX F OX 
[14b] 
UO2/C d = Uo2/o H -- UCd(OH)2/Cd = 1 .21V [14c] 
Equation [8] is a modified form of Ohm's law for the elec- 
trolyte which indicates that the curent in the electrolyte is 
driven by the electric potential gradient and the electrolyte 
concentration gradient. Equation [9] is Ohm's law for the 
solid phase. Equation [10] defines the transfer current that 
exists because of the electrode reactions which cause a 
gradient of the superficial current density in solution, 
OiJox. Equation [11] is the material balance in the solid 
phase which describes the porosity changes with time due 
to the conversion of the active solid materials with differ- 
ent densities by the electrode reaction. Equations [12] and 
[13] are the mass balance of the electrolyte (KOII) and oxy- 
gen (02), which indicate that the electrolyte and the "effec- 
tive" oxygen concentration at any position changes with 
time because of the electrode reaction and mass transfer. 
Mass transfer of OH is considered to be only diffusion and 
migration. Convection transport of OH- is neglected. The 
exponents, exl  and extol,  in these equations are tortuosity 
factors for the porous electrode. The concept of an effec- 
tive oxygen concentration is used to provide a means of ac- 
counting for both gas and liquid phase transport of oxygen 
without including separately the gas phase and dissolved 
oxygen transport  in the electrodes and the separator. The 
same concept applies to the apparent diffusion coefficient 
of oxygen, Do2. This is very important during overcharge 
process. 
Interface between region 1 and 2.-- 
exl ~ reglonl 
t51 = (fsat6sep)ex2 aC__ [15] 
dX I region2 
a6i _1 (MNi(oIt)2 MNiOOH.)jN 1 [16] 
at F \ PNi(OH)2 PNiOOH / 
i2 = ic~,, [17] 
Current in solution 
Solid phase potential 
i2 = /cell [22] 
,~ = 0 [23] 
Porosity 
6 = f~ate~p [24] 
Electrolyte material balance 
0C 02C 
6 - -  = D6 ~ -  [25] 
Ot Ox 2 
Oxygen material balance 
0Co2 D ex2 ~2CO2 6 = [26] 
Ot ~ Ox 2 
Equation [21] again is a modified form of Ohm's law for the 
electrolyte, which is similar to Eq. [8] in the positive elec- 
trode region. Since the solid phase of the separator is not 
conductive, the current is carried totally by the liquid 
phase as shown in Eq. [22] and the potential of the matrix 
is arbitrarily set to zero, Eq. [23]. Equation [24] shows that 
the void space available to the electrolyte is equal to the 
porosity of the separator, %~p, times the level of liquid satu- 
ration in the separtor, fiat. Finally, Eq. [25] and [26] are the 
material balance of the electrolyte and oxygen concen- 
tration. 
Interface between region 2 and  3.--  
0esat6sep)eX 2 OC ex3 04 [27] 
0X [ region2 = {[3 ox region3 
063 1 (Mcd(OH) 2 Mcd) 
Ot - 2F \ ~  P~a/Jcd [28] 
i2 = icen [29] 
O*l'Cd = 0 
c3X region3 
[30] 
~2 0.21 6~x3 0*2 
(L~t6sep) - -  = - -  
~X region2 ~X I region3 
[31] 
0*,,N, = 0 
r)X reglonl 
exI ~ ' 2  ex2 0*2 
E l = 0esat6sep) - -  
(~X regionl I~X region2 
[18] (fsat6sep)eX2 ~ = 6ex3 0Co2 [ 
3 0~-Irog,on3 region2 
where, on discharge and at rest 
[19] 
Jcd = ~max3~o3,ref 
\Cref /  \{!max3 -- 603 / 
[32] 
ee• 0Co2 = 0esatesep) ex2 0Co2 [20] 1 I 1} e x p [ ~ l c J  - exp L---K~ncjj [33a] 
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and on charge  
9 (c)~3(~-~o~1~3 JCd = amax31o3xef - -  
\ C r e f /  \Emax3 - -  Eo3 / 
expl_-R-~< j - exp L - ~ % j  j [33b] 
and 
n~ = r - r [33c] 
Region 3: negative electrode.--The equa t ions  g iven  
be low for the  nega t ive  e lec t rode  are a lmos t  the  same as 
those  used  in the  pos i t ive  e lec t rode  region. 
O h m ' s  law in the  solut ion 
i2 0r RT ~ In c 
- + - -  (1  - t ~  - -  
Ke~ x3 0x F ax 
Conserva t ion  of  charge  
[34] 
Er E exm3 0~)l'Cd i2 - Cd 3 -- icen 
0X 
[35] 
Transfer  cur ren t  
0i2 
- Jcd + J02 
OX 
[35] 
Poros i ty  var ia t ion  
0e3 1 (Mcd(OH)2 Mca] 
0t - 2F ~ ~ P~-d/Jcd [36] 
Elec t ro ly te  mater ia l  ba lance  
~ x )  1 t ~ o ac oe3 O Oe ( - _ ~ )  t 
e3--Ot + c--Ot = --Ox De~3 - Jcd + ~ Jo2 [37] 
O x y g e n  mater ia l  ba lance  
0Co2 ~e3 ~ /,~ ~ ~Co21 1 
~ + -- = -- ~'-'m ~ + " [38] ~t Co~ ~t ~x ax / ~ #o2 
where  the  kinet ic  exp re s s ion  for o x y g e n  reac t ion  is 
9 I ~ -~o~ ~ r  r ~ ' ~ F , ]  
Jo2 = amax3i'~ . . . .  - eo3/'J t e x p [ ~  ~ 
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Fig. 2. Discharge characteristic of a nickel-cadmium cell 
0Co2 
- 0 [45] 
ox 
The equa t ions  used  at this  bounda ry  are ve ry  similar  to 
those  at the  cen ter  of  the  posi t ive  e lec t rode  excep t  that  the  
solid phase  potent ia l  is a l ready es tabl ished so the  t ransfer  
cur ren t  condi t ion  is used  ins tead of  set t ing a va lue  for r 
The  appropr ia te  equa t ions  g iven  above  on d ischarge  and 
rest  or on charge  were  pu t  into finite d i f ference form and 
solved numer i ca l ly  us ing  a pen tad iagona l  BAND(J)  sub- 
rou t ine  (14) and an impl ic i t  s t epp ing  t e c h n i q u e  for the  
t ime  der ivat ives .  The  f ixed paramete rs  used  in the  calcula- 
t ions are  g iven  in Tables  I-III.  The  pa ramete r  va lues  g iven  
wi thou t  re ferences  are a s sumed  values.  The  s imula ted  re- 
sults are  p re sen ted  and d i scussed  next .  
Results and Discussion 
Discharge characteristic.--The m o d e l  s imula ted  cell  
vo l tage  vs. t ime  curves  for three  d i scharge  rates (solid 
/ Co2 ~ r - ~ ' o F  1 ]  t Tjexpv ,oj/ [39a] 
and 
~'c = r -- r -- UO#Cd [39b] 
Center of  the negative electrode.-- 
oc ~ 
- 0 [ 4 0 ]  = 
0x 
o 
0 % _ 1  (Mcd(OH)2 Mcd]jca [41] ~--" 
Ot 2F \ PCd(OH) 2 PCd / .~ 
e,l 
i2 = 0 [42] 
0i2 
- Jcd [43] 
Ox 
0r 
- 0 [ 4 4 ]  
0x 
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0 .0  
2.0 h r  
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1.0 hr 
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0 .0  h r  
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0,2 0.4 0.8 0.8 t,O 
D i m e n s i o n l e s s  S p a t i a l  C o o r d i n a n e e  (X) 
Fig. 3. Electrolyte concentration profiles at different discharge times 
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lines) and the  co r respond ing  expe r imen ta l  data  [data 
points,  refer  to Ref. (15)] are shown  in Fig. 2. It  can be  seen 
that  the  m o d e l  has a ve ry  good fit to the  expe r imen ta l  re- 
sults. Bo th  the  m o d e l  predic t ions  and the  expe r imen ta l  re- 
sults  indica te  that  the  cell  vol tage  drops  qu ick ly  f rom the  
open-c i rcui t  potent ia l  (1.30V) to cer ta in  va lues  at the  be- 
g inn ing  of  discharge,  t hen  decays  ve ry  s lowly dur ing  the  
main  course  of  discharge,  and finally falls off  upon  com- 
ple te  discharge.  
F igure  3 presents  the  profiles of  the  e lec t ro lyte  concen-  
t ra t ion for a typical  d i scharge  process  at a rate of  
10 m A / c m  2, wh ich  is app rox ima te ly  a 2h rate. It  indicates  
that  the  e lec t ro ly te  concen t ra t ion  increases  in all th ree  re- 
gions. This  increase  is not  due  to the  genera t ion  of  OH-  in 
the  e lec t rode  react ion,  because  OH-  does  no t  appear  in the  
overal l  cell  reaction.  A l t h o u g h  OH is genera ted  on the  
posi t ive  e lec t rode  accord ing  to reac t ion  [A], it diffuses 
t h rough  the  separa tor  and is r educed  on the  nega t ive  elec- 
t rode  accord ing  to reac t ion  [C]; therefore,  the  overal l  accu- 
mula t ion  of  OH-  due  to the  e lec t rode  react ions  is s imply  
zero. This  increase  in the  e lec t ro ly te  concen t ra t ion  is due  
to the  overal l  wa te r  consumpt ion .  Dur ing  discharge,  water  
is c o n s u m e d  wi th in  the  posi t ive  e lec t rode  region which  di- 
rect ly  causes  the  overal l  e lec t ro lyte  concen t ra t ion  to in- 
crease. In  addi t ion,  because  of  the  genera t ion  of OH-  in the  
posi t ive  e lec t rode  accord ing  to react ion [A] and the  con- 
sumpt ion  of  OH-  in the  nega t ive  e lec t rode  accord ing  to re- 
act ion [C], the  increase  of  e lec t ro ly te  concen t ra t ion  in the  
posi t ive  e lec t rode  is greater  than  that  in the  nega t ive  elec- 
trode.  
F igure  4 presents  the  p red ic ted  poros i ty  profiles of  the  
solid mater ia ls  as a func t ion  of  t ime  at a d ischarge  rate of  
10 m A / c m  2. As can be  seen, the  poros i ty  of  both  e lect rodes  
decreases  dur ing  discharge,  because  dur ing  d ischarge  the  
e lec t rode  ac t ive  mater ia ls  are  conve r t ed  f rom thei r  dense  
state, e.g., NiOOH and Cd, to a loose  state, e.g., Ni(OHh and 
Cd(OH)2. The  decrease  in the  solid mater ia l  dens i ty  will  re- 
sult  in a decrease  in the  overal l  vo id  vo lume.  The  porosi ty  
shows an a lmos t  un i fo rm decrease  across the  e lec t rode  
sect ion;  therefore ,  the  e lec t rode  react ion rate is not  a 
s t rong func t ion  of  spatial  posit ion.  This  feature  is qui te  dif- 
ferent  f rom tha t  of  those  sys tems  unde r  diffusion control  
(8). This  impl ies  that  the  d i scharge  process  probably  is 
unde r  ac t iva t ion  cont ro l  bu t  no t  unde r  diffusion control.  
Charge characteristic.--Figure 5 shows the  s imula ted  
and expe r imen t a l  (15) va lues  of  the  cell  potent ia l  unde r  
three  charge  rates. Qual i ta t ive  a g r e e m e n t  again exists  be- 
tween  the  expe r imen t a l  and s imula ted  values.  F igure  6 
shows that  the  e lec t ro ly te  concen t ra t ion  con t inuous ly  de- 
Table I. Properties of the electrolyte 
Properties Values References 
Cell temperature (T) 298.15 K 
Ref. basic 7.1 real;liter (2), p. 580 
concentration (Cr~f) 
Ref. oxygen 1.0 mol/liter 
concentration (co2.ref) 
Diffusion coefficient 2.13 • 10 5 cm2/s (2), p. 591 
of KOH (D~oH) 
Diffusion coefficient 1.00 • 10 -3 cm2/s 
of oxygen (Do2) 
Transference 0.78 (2), p. 598 
number (t~ 
Electrolyte 0.67 S/cm (2), p. 593 
conductivity (z) 
Table II. Electrode and separator properties 
Positive Separator Negative 
Properties (Region 1) (Region 2) (Region 3) Reference 
Half thickness 0.036 0.0125 0.040 (15) 
(era) 
Porosity 0.41 0.75 0.64 (2), p. 45 
(funy charged) (e) 
Maximum charge 2082 - -  3032 (12) 
(Qma~, C/cm 3) 
Surface area 5600 - -  5600 - -  
( ~ ,  cm2/cm 3) 
Tortuosity factors 2.5/0.5 2.5 2.5/0.5 - -  
(ex/exm) 
Saturation level - -  0.9 -- -- 
Table III. Thermodynamic and kinetic parameters 
Main Oxygen 
Properties reactions reaction Reference 
Open-circuit 1.299 1.21 
potential (V) 
iol.ref(A/cm 2) 6.1 • 10 -s 1.0 x 10 -9 
io3re~(A/cm 2) 6.1 • 10 -s 1.0 • 10 -~ 
Number of 2 2 
electrons (n) 
c~ 1.0 1.0 
C~a3 1.0 1.0 
~: 1.0 1.0 
c~c~ 1.0 1.0 
~1 1.0 1.0 
~3 1.0 1.0 
~1 1.0 1.0 
~3 1.0 1.O 
(2), p. 533 
(5), p. 15 
(5), p. 15 
1 .0  . . . .  
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Fig. 4. Porosity profiles of solid material at different discharge times 
creases  dur ing  charge  and overcharge  due  to p roduc t ion  of  
wa te r  in the  pos i t ive  electrode.  For  a 1.5 recharge  ratio (3h 
charge  t ime/2h d i scharge  time), the  e lec t ro lyte  concentra-  
t ion drops  f rom about  8.5 mol / l i ter  to about  6.4 mol/liter.  
F igure  7 indica tes  that  poros i ty  of  both  the  posi t ive  and 
the  nega t ive  e lec t rode  increases  as expec ted .  The  porosi ty  
of  the  pos i t ive  e lec t rode  re turns  to its original  va lue  gradu- 
ally u p o n  overcharge ,  bu t  the  porosi ty  of  the  nega t ive  elec- 
t rode  con t inues  to increase  u p o n  1.0 recharge  ratio and 
sl ightly passes  th rough  its original  va lue  (0.55). When the  
overcharge  cont inues ,  the  poros i ty  qu ick ly  drops  back  to 
its or iginal  va lue  (0.55), wh ich  is p robab ly  due  to the  t ime  
delay of  o x y g e n  diffusion. 
The  effect  of  o x y g e n  is ve ry  impor t an t  in a nickel-cad- 
m i u m  battery.  The  cell  pe r fo rmance  is great ly affected by 
the  oxygen  genera t ion  and reduc t ion  process.  Here  we as- 
s u m e  that  all o x y g e n  exis ts  only  in the  solut ion phase;  and 
an apparen t  o x y g e n  dif fus ion coeff ic ient  (Do2) and an ef- 
fec t ive  o x y g e n  concen t ra t ion  (Co2) are used  to account  for 
the  two-phase  t ranspor t  of  oxygen.  As can be  seen f rom 
Fig. 8, o x y g e n  is genera ted  on the  posi t ive  e lec t rode  ac- 
cord ing  to reac t ion  [B], diffuses  t h rough  the  separator,  and 
is r educed  e l ec t rochemica l ly  on the  nega t ive  e lec t rode  ac- 
cord ing  to reac t ion  [D]. Note  that  the  oxygen  bui lds  up sig- 
nif icant ly in the  pos i t ive  e lec t rode  and reduces  in the  nega- 
t ive e lec t rode  reg ion  near  the  separator.  
This  process  of  o x y g e n  r educ t ion  in the  cell  can be  ex- 
p la ined  by cons t ruc t ing  a s implif ied Evans  plot  for the  
Downloaded 14 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
22 J. Electrochem. Soc., Vol. 138, No. 1, January 1991 9 The Electrochemical Society, Inc. 
1 .0  
O .S  
0 .8  
= 
r  0 . 7  
1.T 
t . 6  
1.5 3 S 1 
.4  , _ . __ -~ -~ - -~ .  + +-.  + -+ - -  _,,,- - , x - 6  ~ o--~o ~~ 






0 . 3  C h a r g e  R a t e :  
1 :  = 10  m A / c m  :~ 
0.2 2: = 15 mA/cm 2 
3 :  = 30  m a / c m  2 
e . !  
o . o  , , , i  . . . .  i . . . .  , . . . .  i . . . .  , . . . .  i . . . .  i . . . .  i . . . .  i . . . .  I . . . .  , .  
0.0 0.2 0.4 0.8 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2 .2  
T i m e  (hrs) 






-~  O.4 
0 . 3  
2.0 h r  
0 . 0  h r  
3.0 h r  
1.5 h r  
1,0 h r  
0.5 h r  
0 . 0  h r  
Pos. Sep. Neg. 
O.O . . . .  , . , , I . . . . . . . .  i . . . .  
0 . 0  0 . 2  0 .4  O.O 0 .6  l .O  
D i m e n s i o n l e s s  S p a t i a l  C o o r d i n e n e e  (X) 
Fig. 7. Porosity profiles of solid material at different charge times 
electrode reactions in the cell. Figure 9 is an Evans plot for 
the electrode reactions [A-D]. The parameters used in pre- 
paring this plot are listed in Table IV. It is important to 
note that Fig. 9 is only a qualitative representation of the 
actual electrochemical process in the model and in the cell, 
but  it is consistent with the model predictions. During the 
charging period, oxygen generation on the positive elec- 
trode is along the positive branch (AB) and the electro- 
chemical reduction of oxygen on the negative electrode is 
along the negative branch (ACD). This hypothesis is con- 
sistent with the results presented by Turner  (16) in which 
he stated that oxygen recombination may be due to the 
electrochemical reduction of oxygen on the cadmium of 
the negative electrode and that the recombination rate de- 
pends upon  the amount  of metallic cadmium on the nega- 
tive electrode. Further  consideration of Fig. 9 reveals that 
it is highly unlikely that Cd is oxidized to Cd(OH)2 during 
the charging process because cadmium is cathodically 
protected. This is true because on charge the potential of 
the negative electrode is lower than the equilibrium poten- 
tial of the electrode reaction [C], which is obviously on the 
Cd(OH)2 reduction branch of the Evans plot of the cad- 
mium electrode part (EF). 
Voltage control charge characteristic.--In order to avoid 
pressure buildilp due to oxygen generation during charge 
and overcharge, a voltage control charging technique is 
frequently used. In this charge mode, a constant charge 
current is applied at the beginning of charge when the cell 
voltage reaches a set value (1.35V) and is then changed to 
constant voltage charge, which allows the charge current 
to drop. This technique was developed based on the elec- 
trochemical phenomena shown in Fig. 9. According to 
Fig. 9, the entire process of oxygen generation, diffusion, 
and oxygen reduction is more l ikely to be controlled by 
diffusion of oxygen through the separator. If the charging 
rate is fast and the charging efficiency is low (e.g., during 
overcharge), then the cell pressure will increase quickly 
due to oxygen generation. If a constant voltage is applied, 
the oxygen generation, diffusion, and reduction will reach 
8 
o 
g .5  
D.O 
8 ,5  
tLO  
7 .5  
7 .0  
6 .5  
S .O  
5 .5  
S.O  
4 .5  
4 ,0  







O.O h r  
0.5 h r  
l.O h r  
1,5 h r  
2.0 hr 
2.5 h r  
3 .0  h r  
Pos. Sep. Neg. 
, , t , , , r . . . . . . . .  , . . . .  
0 .2  0 .4  O.O 0 .8  1 .0  
Dimensionless S p a t i a l  Coordinenee (X) 
Fig. 6. Electrolyte concentration profiles at different charge times 
~J 
~g. 
0 . 0  o.z 0.4 0.8 0.8 t . o  
Dimensionless Spatial Coordinanee (X) 
Fig. 8. Oxygen concentration profi[es at different charge times 
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a s teady state before  the  oxygen  pressure  bui lds  up signif- 
icantly.  F igure  10 shows the  charge  cur ren t  dens i ty  as a 
func t ion  of  t ime. I f  the  o x y g e n  react ions  [B] and [D] are not  
inc luded  in the  model ,  the  charge  cur ren t  dens i ty  will  drop 
to zero dur ing  vol tage  cont ro l  charge.  This  is a pure  hypo-  
thet ica l  case. I f  the  o x y g e n  react ions  on bo th  the  posi t ive  
and the  nega t ive  e lec t rodes  are inc luded  in the  model ,  the  
charge  cur ren t  dens i ty  dur ing  vol tage  control  charge  ap- 
proaches  a nonzero  asympto t ic  value,  wh ich  indicates  that  
o x y g e n  generat ion,  diffusion,  and reduc t ion  reach a s teady 
state in the  cell. The  o x y g e n  concen t ra t ion  in the  posi t ive  
e lec t rode  for this charg ing  t e c h n i q u e  is shown in Fig. 11. 
Compar i son  of  Fig. 11 to Fig. 8 shows that  the  oxygen  
bu i ldup  dur ing  the  vo l tage  cont ro l  charge  is m u c h  less 
than  that  dur ing  the  cons tan t  rate charge.  
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Fig. 10. Charge current density as a function of time for the voltage 
control charge mode (i.e., first constant current charge at 10 mA/cm 2 
until the voltage reaches 1.35, then constant voltage charge and cur- 
rent falls off). 
Table IV. Parameters used in preparing the Evans plot 
Electrode Positive Negative 
Active materials NiOOH/Ni(OH)2 Cd(OH)JCd 
io for main 6.1 • 10 -~ 6.1 • 10 5 
reaction (A/cm 2) 
io for oxygen 1.0 • 10 -~ 1.0 • 10 9 
reaction (A/cm 2) 
Equ. potential in 0.44 -0.86 
7.1M KOH (V) 
02 potential in 0.35 0.35 
in 7.1M KOH ~ (V) 
a Refers to oxygen partial pressure as 1 atm. 
Sensit ivi ty  analysis.--It  is impor t an t  to de te rmine  the  
sensi t iv i ty  of  the  m o d e l  predic t ions  to changes  in the  elec- 
t rode  kinet ic  pa ramete rs  and t ranspor t  propert ies .  I f  the  
m o d e l  predic t ions  are relat ively insens i t ive  to one or more  
parameters ,  t hen  a fairly wide  range  of  va lues  for these  pa- 
rameters  could  be used  wi thou t  s ignif icant ly affect ing the  
predic t ions  of  the  model .  The  sensi t ivi ty  of  the  mode l  pre- 
dic t ions  to changes  in pa ramete rs  is de t e rmined  by moni-  
tor ing the  change  in cell  voltage.  While ho ld ing  all o ther  
pa ramete rs  constant ,  the  pa rame te r  of  in teres t  is per- 
t u rbed  s l ight ly and  the  resul t ing  change  in cell  vol tage is 
noted.  A sensi t iv i ty  coeff ic ient  (SC) is def ined as fol lows 
n 
~[hE(tj)l 
S C i -  ~=1 [46] 
nlhpar, I/par~ 
where  
AE(tj) = E(tj) - E*(tj) [47] 
hpari = par, - par  i [48] 
parj and par: are the  pe r tu rbed  values  of  pa ramete r  i and 
the  re fe rence  va lue  of  pa rame te r  i, respect ively .  E(tj) is the  
va lue  of  the  cell  vol tage  at t ime  t~ w h e n  us ing  par~; and, 
E*(~) is the  va lue  of  the  cell  vol tage  at t ime  tj w h e n  us ing  
par,. In  Eq.  [46], n is the  n u m b e r  of  t imes  over  which  the 
vol tage  va lues  are compared ,  and its va lue  is chosen  so 
that  80% of  the  d i scharge  or charge  t ime  is inc luded  in the  
analysis.  
The  resul ts  of  the  sensi t iv i ty  analysis are shown in 
Fig. 12 and 13. F igure  12 shows sensi t ivi ty  of  the  cell volt- 
age to the  e lec t rode  k ine t ic  parameters  descr ib ing  the  dis- 
Y, 
0.0 0 . 2  0.4 0 . 6  0.8 1.0 
D i m e n s i o n l e s s  Spat ia l  C o o r d i n a n c e  (X) 
Fig. 11. Oxygen concentration profiles during the voltage control 
charge mode. 
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Fig. 13. Sensitivities of the predicted cell voltage to changes in the 
electrode kinetic parameter and separator property during the charge 
processes. 
charge  reac t ion  over  a range of  d i scharge  rates. F igure  13 is 
an  ana logous  plot  for the  cha rg ing  process .  The  kinet ic  pa- 
r ame te r  is r ep re sen t ed  by  the  p roduc t  of  e x c h a n g e  cur ren t  
dens i ty  and the  m a x i m u m  specific surface  area. The  same 
va lues  of  e x c h a n g e  cur ren t  dens i ty  and specific surface 
area are used  for bo th  the  posi t ive  and nega t ive  e lec t rode  
(i.e., io 9 amax = iol,r~f" am~i = io3,~f ' amax3)- The  t ranspor t  pa- 
r ame te r  is charac te r ized  by the  p roduc t  of  sa tura t ion level,  
f~,t, and  the  poros i ty  of  the  separator ,  %~p. The  sensi t iv i ty  
analyses  indica te  tha t  the  mos t  inf luent ial  factor by far is 
the  e lec t rode  k ine t ics  (io - ama~) , especia l ly  at h igh  dis- 
charge  or  cha rge  cu r ren t  densi ty .  The  paramete rs  charac-  
ter iz ing the  t ranspor t  of  the  e lec t ro ly te  th rough  the  separa- 
tor  have  m u c h  less inf luence  on the  cell  vol tage dur ing  
bo th  the  charge  and d i scharge  period.  This  indica tes  that  
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Future Model  Refinement 
The  resul ts  p re sen ted  here  are some  pr imary  s imula t ion  
results.  Many  o ther  impor t an t  features  need  to be  incorpo-  
ra ted into the  m o d e l  in order  to have  a be t te r  unders tand-  
ing of  the  e l ec t rochemica l  p h e n o m e n a  in a nickel-cad- 
m i u m  ceil. S o m e  future  r e f inements  to the  mode l  may  
include:  (i) solid in terca la t ion  proper t ies  of  the  n ickel  elec- 
t rode;  (ii) s e m i c o n d u c t o r  proper t ies  of  the  n ickel  elec- 
t rode;  (iii) pro ton  dif fus ion in the  n ickel  e lec t rode  (iv) two- 
phase  t ranspor t  of  oxygen;  (v) poros i ty  d is t r ibut ion  across 
t he  e lec t rode  sect ion;  and  (vi) degrada t ion  effects. 
Conclusions 
A ma thema t i ca l  s imula t ion  for the  d ischarge  and charge  
pe r fo rmance  of  a sealed n i cke l - cadmium bat tery  has 
s h o w n  tha t  the  m o d e l  can be  used  to pred ic t  cell  per form-  
ance.  Thus,  it can serve  as a useful  tool  for cell  des igners  
and eng ineers  in s tudy ing  the  effect  of  var ious  des ign pa- 
ramete rs  on the  d i scharge  and charge  pe r fo rmance  of  the  
cell. The  sensi t iv i ty  analyses  indicate  that  the  p roduc t  of  
e x c h a n g e  cur ren t  dens i ty  and specific surface area is the  
mos t  inf luent ial  factor  to cell  per formance .  
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L I S T  OF  S Y M B O L S  
a . . . .  j m a x i m u m  specific act ive  surface area of region j ,  
cm2/cm 3 (j = 1, 3) 
concen t ra t ion  of  the  b inary  electrolyte,  KOH, mol/  
c m  3 
re fe rence  concen t ra t ion  of  the  b inary  electrolyte,  
KOH, mo l / cm 3 
ef fec t ive  o x y g e n  concent ra t ion ,  mo l / cm 3 
ef fec t ive  re fe rence  o x y g e n  concent ra t ion ,  mol /cm 3 
dif fus ion coeff ic ient  for KOH, cm2/s 
apparen t  di f fus ion coeff ic ient  of  oxygen,  cm2/s 
to r tuos i ty  factors  of  porous  med ia  in reg ion  j for liq- 
u id  proper t ies  (diffusion coeff icients  and conduc-  
tivities) (j = 1, 2, 3) 
to r tuos i ty  factors of  reg ion  j for  solid proper t ies  
(conduct ivi ty)  (j = 1, 3) 
level  of  e lec t ro ly te  sa tura t ion in the  separa tor  
Faraday ' s  constant ,  96,487 C/tool 
e x c h a n g e  cur ren t  dens i ty  of  the  react ions  in region 
j at  cref, A / c m  2 (J = 1, 3) 
e x c h a n g e  cur ren t  dens i ty  of  o x y g e n  react ion in re- 
g ion  j at Co2,ref, A /cm 2 
cur ren t  dens i ty  in solut ion based  on the  p ro jec ted  
e lec t rode  area, A /cm 2 
appl ied  cur ren t  dens i ty  based on the  p ro jec ted  elec- 
t rode  area, A/cm 2 
reac t ion  cur ren t  per  uni t  v o l u m e  of porous  elec- 
t rode,  A /cm ~ 
n icke l  reac t ion  cur ren t  per  uni t  v o l u m e  of posi t ive  
e lect rode,  A /cm 3 
c a d m i u m  reac t ion  cur ren t  pe r  uni t  v o l u m e  of  nega- 
t ive  e lect rode,  A /cm 3 
o x y g e n  reac t ion  cur ren t  pe r  uni t  v o l u m e  of porous  
e lect rode,  A /cm 3 
total  th ickness  of  a cell  unit ,  cm  
ha l f  th ickness  o f  t he  pos i t ive  e lect rode,  cm 
th ickness  of  the  separa tor  matr ix ,  cm 
molecu la r  we igh t  of  solid species  i, g/mol i = 
NiOOH, Ni(OH)2, Cd, Cd(OH)2) 
n u m b e r  of  e lec t rons  invo lved  in the  e lec t rode  reac- 
t ion j 
pe r tu rbed  va lues  o f  pa rame te r  i 
un iversa l  gas constant ,  8.3143 J /mol -K 
t ime,  s 
t r ans fe rence  n u m b e r  of  an ion  OH-  wi th  respec t  to 
the  so lvent  ve loc i ty  
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absolute temperature, K 
open-circuit potential of nickel-cadmium battery at 
Cref = 7.1 mol/1, V 
open-circuit potential of oxygen reaction with re- 
spect to cadmium electrode, V 
equil ibrium potential for half reaction i at the refer- 
ence state, V 
spatial distance from the center of the positive elec- 
trode, cm 
dimensionless distance from the center of the posi- 
tive electrode, X = x/l 
letters 
anodic and cathodic transfer coefficients for the 
electrode reactions 
anodic and cathodic transfer coefficients for the ox- 
ygen reaction 
exponents for the concentration dependence of re- 
action rate 
porosities of solid materials of region j, (j = 1, 2, 3) 
porosities of solid materials of region j at zero 
charge, (j = 1, 3) 
porosities of solid material of region j at full charge, 
( j=  1,3) 
porosity of the separator matrix 
exponents for the active material dependence of re- 
action rate 
electrolyte conductivity, S/cm 
densities of the solid material i, g/cm 3 (i = NiOOH, 
Ni(OH)2, Cd, and Cd(OH)2) 
conductivities of the solid material, S/cm (i = 
NiOOH, Cd) 
~bl potential in the solid phase, V 
~2 potential in the liquid phase, V 
Subscripts 
1 positive electrode region 
2 separator region 
3 negative electrode region 
02 oxygen or oxygen reaction 
Ni positive electrode reaction [A] 
Cd negative electrode reaction [C] 
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Effect of Benzotriazole on Surface Processes during Copper 
Electrodissolution in Sulfuric Acid 
Claude Clerc 1 and Richard Alkire* 
Department of  Chemical Engineering and Materials Research Laboratory, University of  Illinois, Urbana, Illinois 61801 
ABSTRACT 
Impedance spectra were obtained during anodic dissolution of copper in 0.5M H2SO4 and 40 mM benzotriazole (BTA) 
at 25~ The spectra were evaluated according to the hypothesis that the electrode is covered with a barrier film having a 
stoichiometric composition through which the current is transported by ionic conduction. This barrier film is itself 
covered with an outer porous film of corrosion products. The experimental impedance spectra were fit to the model with a 
nonlinear least squares program. A detailed analysis of the physical parameters obtained with this procedure suggested 
that the metallic ions transfer through the barrier film, which is likely to be hydrated copper sulfate or contains a non- 
negligible amount  of BTA, under  high-field conduction. Experiments carried out at the mass-transfer limiting current in 
the absence of BTA suggested that the electrode was also covered with a similar dual salt film, the inner layer of which, 
however, has a different chemical composition than in the presence of BTA. 
The presence of a surface film is a significant feature in 
virtually all cases of high-rate electrodissolution of a metal. 
Important  practical applications of such phenomena in- 
clude pitting corrosion (1-3), passivity (4), corrosion inhibi- 
tion (5), electropolishing (6), and battery operations (7). Im- 
proved fundamental  unders tanding of such surface films 
is therefore of widespread interest. Since such surface 
films respond to the unique  conditions of the electrochem- 
ical environment  in which they exist, in situ methods of 
characterization are strongly preferred. In the present 
work impedance spectroscopy was used. 
* Electrochemical Society Active Member. 
1 Present address: Medinvent SA, Lausanne, Switzerland. 
In a recent study of copper dissolution in sulfuric acid, 
Alkire and Cangellari (8) showed that a small amount  of 
benzotriazole (BTA), an organic inhibitor, promotes the 
precipitation of a surface film having a dual structure. Ac- 
cording to this view, presented in Fig. la, there is a thin 
barrier film next  to the metal which is covered by an outer 
porous film. From a series of potential step measurements 
at a rotating disk electrode, they concluded that the metal- 
lic ions transferred through the barrier film under high- 
field conduction, and that deviation from the mass- 
transfer rate predicted by the Levich equation was due to 
the porous film. A theoretical model was developed to de- 
scribe the transport of the electrochemical species, assum- 
ing molecular diffusion and migration across the porous 
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